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Summary
The immunoglobulin heavy chain repertoire is gener-
ated by somatic rearrangement of variable (VH), diver-
sity (DH), and joining (JH) elements. It can be further di-
versified by VH replacement, where nonrearranged VH
genes invade preexisting VHDHJH joints. To study the
impact and mechanism of VH replacement, we gener-
ated mice in which antibody production depends on
the replacement of a nonproductive VHDHJH rearrange-
ment inserted into its physiological position in the
immunoglobulin heavy chain locus. In these mice
a highly diverse heavy chain repertoire resulted from
VH replacement and a second process of noncanonical
V(D)J recombination, direct VH to JH joining. VH re-
placement rarely generated detectable sequence du-
plications but often proceeded through recombination
between the conserved homologous sequences at the
30 end of VH. Thus, VH replacement is an efficient mech-
anism of antibody diversification, and its impact on
the overall antibody repertoire could be greater than
anticipated because it frequently leaves no molecular
footprint.
Introduction
In most vertebrates, the antibody repertoire is initially
generated by the assembly of variable (V), diversity (D),
and joining (J) elements encoded in the germline, into
V(D)J segments encoding antibody variable regions,
through a process called V(D)J recombination (Tone-
gawa, 1983). According to the principles of clonal selec-
tion, each antibody producing cell expresses only a sin-
gle antibody specificity and thus just one pair of VHDHJH
and VLJL joints, for immunoglobulin heavy (IgH) and light
(IgL) chains, respectively. The diversity of the antibody
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D-50931 Cologne, Germany.repertoire generated in this way can vary from a few to
a very large number of antibody specificities, depending
on the multiplicity of V, D, and J elements in the germline
and the rules governing their assembly. To increase this
initial diversity and to rescue cells that have either ac-
quired out-of-frame (‘‘nonproductive’’) V(D)J rearrange-
ments or autoreactive antibody specificities, a variety of
mechanisms have evolved that allow the developing B
cells to modify V(D)J joints that are already in place.
These mechanisms range from the modification of
such joints by upstream pseudogenes through gene
conversion in birds (Reynaud et al., 1985, 1987) to their
modification by somatic mutation (Griffiths et al., 1984;
McKean et al., 1984) or ongoing, perhaps even rein-
duced, V(D)J recombination in mammals (Nemazee
and Weigert, 2000).
One of the more mysterious mechanisms of this kind
is a process called VH replacement, by which a preexist-
ing VHDHJH joint in the IgH locus is replaced through the
invasion of this rearrangement by an upstream nonrear-
ranged VH gene. This process largely follows the rules of
V(D)J recombination in that it is mediated by recombina-
tion recognition sequences (RSSs), which guide the re-
combination activating gene products RAG1 and
RAG2 (Oettinger et al., 1990; Schatz and Baltimore,
1988; Schatz et al., 1989) to their substrate. RSSs con-
sist of conserved heptamers and nonamers, separated
by spacer sequences of either 12 or 23 nucleotides,
and RAG-mediated recombination usually involves
RSSs of different spacer length. The curiosity of VH re-
placement is that it occurs between a 23 RSS from the
side of the invading VH gene and an isolated heptamer
within the preexisting VHDHJH joint. This internal hep-
tamer is located close to the 30 end of VH elements and
is conserved in most VH genes of all vertebrates that
have been examined (Radic and Zouali, 1996). The evo-
lutionary conservation of the ‘‘cryptic’’ heptamer has
been taken to suggest that VH replacement has been
positively selected during evolution, reflecting a critical
role for this process in antibody diversification. This at-
tractive notion has to be taken with some reservation,
however, because with the exception of a single nucle-
otide (a T in the third position of codon 104 using
ImMunoGeneTics nomenclature), the conservation of the
heptamer could be dictated by amino acid sequence.
VH replacement was originally observed in Abelson vi-
rus transformed murine pre-B cell lines (Covey et al.,
1990; Kleinfield et al., 1986; Reth et al., 1986; Usuda
et al., 1992). Subsequently, many other examples of
this unorthodox process have been described, both in
cell lines and in vivo. The latter came from the analysis
of knockin mice where the JH elements and DQ52 were
replaced by a VHDHJH joint (Chen et al., 1995a, 1995b,
1997; Li et al., 2005; Madan et al., 2000; Taki et al.,
1993) and normal B cells isolated ex vivo (Brokaw
et al., 1992; Usuda et al., 1992).
A main problem encountered in the assessment of the
contribution of VH replacement to the antibody reper-
toire under physiological conditions is that it can only
rarely be diagnosed with certainty from the sequence
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44Figure 1. Generation of an IgH Locus with a Nonproductive VHDHJH Joint in Its Physiological Position
Scheme of the wild-type (WT) IgH locus and the targeting vectors used to insert a D23stop VHDHJH into the VH81x position. Targeting vector 1 was
used to replace the JH1 and JH2 elements with the D23
stop joint. After deletion of the Neor cassette by transfecting a Cre-expressing plasmid,
targeting vector 2 was used to introduce the db-loxP site into the VH81x position. Cre protein transduction followed by Southern blot analysis
was used to identify clones that had incorporated the db-loxP site on the previously targeted chromosome. To generate mice that carry the
D23stop rearrangement and lack the DH locus, we used one ES cell clone that carried both targetings on the same chromosome, which transmit-
ted the targeted allele into the germline. For deletion of the DH locus, chimeras generated from targeted clones were crossed to the deleter strain
(Schwenk et al., 1995). For a complete description of the targeting strategy, see Figure S1 and the gene targeting summary in the Supplemental
Experimental Procedures.of a given VHDHJH joint. This is due to the fact that the
cryptic heptamer lies very close to the 30 end of the VH
gene, separated from it by only five nucleotides in
most mouse and six to seven nucleotides in most human
VH genes. As in V(D)J recombination, double-strand DNA
breaks are introduced at the base of the heptamer; a di-
rect fusion of the coding ends in VH replacement would
introduce an additional such five or seven nucleotide se-
quence and thus an easily recognizable footprint of the
replacement reaction. However, the replacement reac-
tion is accompanied by exonucleolytic ‘‘chew-back’’ at
the breakpoints of recombination as well as P and N nu-
cleotide additions, as will be exemplified further below.
In addition, in the absence of terminal deoxynucleotidyl
transferase (TdT) activity, VH replacement reactions are
expected to be mediated by recombination within the
area of sequence homology at the 30 ends of the VH
genes involved (Feeney, 1992; Gu et al., 1990), eliminat-
ing all or most of the footprint of the reaction.
The most informative analysis of VH replacement in
normal physiology comes from a study showing exten-
sive ongoing VH replacement in a human B cell line
and footprints of VH replacement in human VHDHJH
joints isolated from peripheral blood. This analysis led
to the suggestion that VH replacement contributes to
at least 5%, but possibly substantially more, of the hu-
man IgH repertoire (Zhang et al., 2003).
In order to obtain unequivocal information on the
power of VH replacement as a repertoire diversifier, we
have established a mouse model in which the entire
IgH repertoire is generated by replacement of a single,
out-of-frame VHDHJH joint.
Results
A Mouse Strain in which the IgH Chain Repertoire
Is Generated by VH Replacement
Using the gene targeting strategy outlined in Figure S1
(available with this article online), we generated a mouse
strain whose IgH locus resembles that of a B lymphocyte
that had undergone a nonproductive VHDHJH rearrange-
ment involving one of the most 30 VH genes. This wasdone by first replacing, in embryonic stem cells, the
JH1 and JH2 elements in one of the two IgH loci by
a VHDHJH joint, which we had isolated together with its
endogenous promoter from the D23 hybridoma, produc-
ing a polyreactive IgM antibody (Baccala et al., 1989). In
this rearrangement, a VH gene from the Q52 family is re-
arranged to DFL16.2 and JH2. The D23 VH gene contains
the typical internal heptamer, and VH genes of the Q52
family are known to participate in VH replacement reac-
tions in cell lines (Kleinfield et al., 1986; Reth et al.,
1986). For the purpose of the present experiments, the
D23 VDJ joint was rendered nonproductive by the intro-
duction of a stop codon into position 86 in the IMGT no-
menclature, replacing a CAA with a TAA codon. A second
point mutation, irrelevant in the present context, was in-
advertently introduced into position 102, changing a TAT
to a CAT. This nonproductive joint resembles the rear-
rangement of a pseudo-VH gene rather than the out-
of-frame rearrangement of a functional VH gene. As we
will discuss further below, this has the advantage of
allowing us insights into the selection of VHDHJH joints
generated by VH replacement in the human, which we
would otherwise have been unable to obtain.
The insertion of the D23 VDJ joint into the JH region of
the IgH locus was followed by the targeting of a loxP
site upstream of the most 30 VH gene, VH81X, on the
same chromosome and the subsequent deletion of
VH81X and the entire DH locus through Cre-mediated re-
combination between the loxP site upstream of VH81X
and a second such site located upstream of the D23 in-
sertion. The resulting mutant IgH allele, designated
D23stop, is schematically depicted in Figure 1. The
D23stop VHDHJH joint is directly adjacent to two nonrear-
ranged JH elements (JH3 and JH4) on one side and to the
entire cluster of unrearranged VH genes except VH81X
on the other.
Mice Homozygous for the D23stop Mutation Generate
a Large B Cell Compartment, but B Cell Production
Is Compromised
Mice homozygous for the D23stop mutation were able to
generate large numbers of peripheral B cells, although B
Antibody Repertoire Generated by VH Replacement
45Figure 2. The B Cell Compartment in D23stop/D23stop Mice Is Sizeable, but Smaller Than that in WT Mice
Representative flow cytometric analysis of lymphocytes in spleen (A) and bone marrow (B) of 3.5-week-old D23stop/D23stop (n = 6) and D23stop/+
(n = 6) mice. Shown are cells in the lymphocyte gate, with additional gates specified. Numbers indicate the percent cells that fall into a given gate.
Numbers of total cells in spleen and bone marrow are shown above the panels.cell numbers were reduced in comparison to the wild-
type. Already at the age of 3.5 weeks, the mutant
animals harbored around five million B cells in the
spleen, compared to about 25 million in the wild-type
(Figure 2A). About a third of these cells were classified
as typical mature, follicular (IgDhiIgM+) B cells, and
there was a substantial accumulation of marginal
zone (MZ; CD19+CD21hiCD23lo) compared to follicular
(CD19+CD21intCD23hi) B cells. A similar increase in
MZ B cells has been described in other mouse models
with low rates of B cell production (Hao and Rajewsky,
2001; Koralov et al., 2005; Martin and Kearney, 2002). In-
deed, we saw a partial block at the pro- to pre-B cell
transition in the mutant animals, with an accumulation
of c-kit+B220int pro-B cells corresponding to aw3-fold
increase of these cells in absolute numbers (Figure 2B
and data not shown). There was also a substantial
reduction of immature (IgM+B220lo) and mature
(IgM+B220hi) B cells in the bone marrow of these young
mutant mice. We conclude that mice initiating B cell
production from progenitors harboring nonproductive
VHDHJH joints on both IgH alleles are able to generate
substantial numbers of B cells, but less efficiently than
wild-type mice.
A Diverse IgH Repertoire Generated by VH
Replacement and Direct VH to JH Joining
As depicted schematically in Figure 3A, secondary gene
rearrangements on the D23stop allele can either repre-
sent VH replacement reactions or direct VH to JH joining.
Although the latter violates the rule that 23 RSSs will onlyrecombine with 12 RSSs (which VH replacement also vi-
olates),wehavepreviouslydemonstrated that inamouse
strain lacking the DH locus small numbers of B cells are
generated through direct VH to JH joining (Koralov
et al., 2005). When VH(DH)JH joints were amplified from
the genomic DNA of purified splenic B cells of either ho-
mozygous D23stop or D23stop/JHT mice (the JHT allele
represents an IgH null allele that lacks JH elements [Gu
et al., 1993]), we indeed found examples of both VH re-
placement reactions and of direct VH to DH joining
(Figure 3B). The repertoire of IgH chains generated by
these two processes was so extensive that we were un-
able to define its limits: VH genes from all families cov-
ered by the PCR primers used were found to be involved
in both types of reactions (Figures 3C and 3D), and there
was no obvious bias toward the usage of any VH gene or
VH family, except that in both mutant and wild-type mice
VH genes, located at the 3
0 end of the IgH locus, were
more frequently used in pro-B cells than in splenic B cells
(Figure S2 and data not shown), in accord with earlier
data (Malynn et al., 1990). In addition, both types of reac-
tion generated an enormously diverse repertoire of
CDR3s, to which both the chew-back of nucleotides in
the original rearrangement and the insertion of N se-
quences contributed, the latter being present in all VH
to JH and most VH replacement joints (Figure 4A). As
a consequence, we could identify footprints of the re-
placement reaction of three nucleotides or more in only
w20% of the sequences, all of which in our model unam-
biguously result from this process (Figure 3B and data
not shown; see also further below). This resulted in
Immunity
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(A) CDR3 and upstream VH sequence of the D23
stop allele. The VH, DH, and JH elements of the original D23
stop allele are identified. The internal
heptamer is boxed, with an arrow pointing at its base. A schematic diagram of the two possible forms of secondary IgH rearrangements is shown
below.
(B) Examples of new IgH joints amplified from D23stop/D23stop and D23stop/JHT B cells generated through VH replacement and direct VH to JH4
rearrangement. The original D23stop sequence is in bold, N/P nucleotides are in italics, and the invading VH elements as well as the JH4 in the VHJH
joints are in gray. The footprint of the original Q52 VH gene is underlined in the sequences where it is preserved.
(C) Diagram of the targeted VH locus. VH gene families that were utilized in secondary rearrangements of the D23
stop allele are highlighted in dark
gray. All VH families that can be amplified by the primers used were shown to contribute to the IgH repertoire in D23
stop/D23stop mice.
(D) Analysis of the VH gene repertoire in VHDHJH joints isolated from WT B cells, VH replacement joints, and joints formed by direct VH to JH
rearrangement. Rearrangements were amplified by a mix of two forward primers and either a JH2 or a JH4 primer. The two forward primers
(VHA and VHE) together can amplify approximately 80 different VH genes, mostly of the J558 and 7183 VH families.a situation in which we could not, in the limits of our anal-
ysis, identify signs of oligoclonality in the mutant animals
on the basis of sequence repeats (Table S1). We ad-
dressed this problem also by specifically amplifying
VHDHJH joints with a primer that could only amplify two
members of the VH8 family. Among the 16 joints isolated
from the mutant mice, all sequences were unique, differ-
ing from each other in CDR3.
We conclude that the rescue of B cells carrying a non-
productive VHDHJH rearrangement involves both VH re-
placement and direct VH to JH joining and generates
a highly diverse repertoire of IgH chains, making use of
a broad range of VH genes and efficient diversification
of CDR3.Sequence Homology Can Guide Recombination
in VH Replacement, Eliminating Footprints
of the Reaction
Conspicuously, while all direct VH to JH joints isolated
displayed abundant N nucleotide addition, N nucleo-
tides were absent in 28% of the VH replacement joints
(Figure 4A). Searching for an explanation of this phe-
nomenon, we discovered that the absence of N nucleo-
tides strongly correlated with the absence of a detect-
able footprint of the replacement reaction (Figure 4A).
This indicated that sequence homologies between the
joining DNA ends often determined the recombination
breakpoints, as depicted in Figure 4B and as we might
have anticipated from earlier work on the mechanism
Antibody Repertoire Generated by VH Replacement
47Figure 4. N/P Nucleotide Addition and Micro-
homologies at the Sites of VH Invasion
(A) Frequency of N/P nucleotide addition
among WT VHDHJH joints isolated from WT
B cells, VH to JH rearrangements, and produc-
tive VH replacement joints from mature
D23stop/D23stop and D23stop/JHT B cells. For
WT B cells VHDHJH joints were analyzed for
evidence of N/P addition at either end of the
DH element. For VH replacement joints, the
sequences in which the footprint of the origi-
nal Q52 VH gene was destroyed were grouped
separately from sequences with at least a
single identifiable base of the footprint.
(B) Examples of short sequence homologies
between the footprint of the VH element of
the D23stop allele and the invading VH genes.
Solid and dashed boxes indicate sequence
homologies at or close to the region of cross-
over, respectively. Nucleotides derived from
the original D23stop allele are in bold, nucleo-
tides derived from the invading VH genes are
in plain letters, and the nucleotides that could
have come from either the donor VH or the ac-
ceptor VH gene are in italics. The D23
stop cryp-
tic heptamer is marked with a gray triangle,
and the RSSs of the invading VH genes are
marked with a white triangle.of DH to JH joining (Feeney, 1992; Gu et al., 1990). The
strong selection of joints without N nucleotide addition
in VH replacement as compared to VH to JH joining sug-
gests that sequence homology of the spacer sequences
between the internal heptamer and the 30 ends of VH
genes is an important driving force in VH replacement,
actively eliminating sequence footprints of the reaction.
Counterselection of Arginines in CDR3s Generated
by VH Replacement
VH replacement in the human frequently generates
CDR3s rich in positively charged amino acids and thus
prone to autoreactivity (Radic et al., 1993; Sekiguchi
et al., 2003; Zhang et al., 2003). The D23stop model of
VH replacement reproduces this feature of VH replace-
ment in the human, in that the (recipient) Q52 VH gene
in the D23stop allele as well as most VH (donor) genes
in the mouse carry an arginine-encoding AGA codon at
the 30 end. Inspecting the VHDHJH joints generated by
VH replacement in the mutant mice, we find that, in joints
isolated from mature B cells, the AGA of the (recipient)
D23stop joint was destroyed in about 80% of the cases
(Figure 5A). As in about half of the joints still carrying
this codon, an AGA codon was missing in the invading
VH sequence, and the frequency of joints with both the
invading arginine and the arginine encoded by the recip-
ient D23stop allele was onlyw12%. Strikingly, in produc-
tive VH replacement joints isolated from pro-B cells the
frequency of two arginines at the VH replacement junc-
tion was about three times higher (Figure 5B). We con-
clude that, among the CDR3s generated by VH replace-
ment in this mouse model, those rich in arginines are
counterselected in mature B cells. This goes together
with an intrinsic counterselection in the VH replacement
reaction of CDR3s with two arginines encoded by dupli-cated spacer sequences, due to homology-mediated
joining in the absence of N nucleotide addition, as dis-
cussed above. However, the counterselection of CDR3s
rich in positively charged amino acids did not appear
to be complete, as the sera of the mutant mice had
elevated levels of anti-DNA antibodies (Figure S3).
VH Replacement Is More Frequent Than Direct VH
to JH Joining
In order to determine the relative frequencies of VH re-
placement and direct VH to JH rearrangement, we ampli-
fied VH(DH)JH joints from cDNA of sorted mature splenic
B cells from D23stop mice using a mix of framework 1 VH
primers and a set of nested Cm primers. Using this strat-
egy, RT-PCR products from the two types of secondary
rearrangements are of the same length and should be
generated with equal efficiency. Analysis of the amplifi-
cation products showed that VH replacement contrib-
uted three times more frequently to the overall IgH chain
repertoire than direct VH to JH rearrangement (Figure
6A), although two JH elements competed in this situation
with a single cryptic heptamer.
We also compared the in vivo contributions to the IgH
chain repertoire of the D23stop allele, which can undergo
VH replacement as well as direct VH to JH joining, and the
previously characterized DH-less DD IgH allele (Koralov
et al., 2005), from which productive V region joints can
only be generated by direct VH to JH joining. TheDD allele
has no canonical DH elements, a fully intact VH locus, and
three JH elements 98 kb downstream of the VH locus. Ex-
ploiting the allotypic difference between D23stop (a allo-
type) and DD (b allotype), we found that in this competi-
tive situation there were six times more B cells that
expressed the D23stop-derived IgH allele in the D23stop/
DD mice than DD-expressing cells (Figure 6B). Taking
Immunity
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placement and direct VH to JH joining can rescue B cells
that carry a nonproductive VHDHJH joint, but that VH re-
placement does so more efficiently.
In the Mouse, B Cell Generation through VH
Replacement Is Inefficient Compared
to the Canonical Developmental Pathway
Three experimental approaches were chosen to assess
the efficiency of B cell generation from the D23stop allele
Figure 5. Selection against Arg-Rich Joints Generated by VH
Replacement and CDR3 Analysis in D23stop/D23stop Mice
(A) Site of VH gene invasion in the D23
stop allele in 188 VH replace-
ment joints from splenocytes. The histogram describes the fre-
quency of a VH invasion at the designated base of the original
D23stop allele. If microhomology was used, we assigned ambiguous
bases to invading VH genes. The internal heptamer is in bold, and the
original VH, DH, and JH elements are marked in the sequence below
with the arginine of the original VH gene underlined.
(B) Frequency of two arginines, one contributed by the 30 end of the
invading VH gene and one from the original VH element, in 64 produc-
tive replacement joints from pro-B cells and 188 VH replacement
sequences from splenocytes.in comparison to B cell development through canonical
VDJ recombination. In the first, we amplified VH(DH)JH
joints from pro-B and mature B cells of wild-type and ho-
mozygous mutant mice and determined the fractions of
productive (in-frame) and nonproductive joints. While
the majority of the joints isolated from pro-B cells were
nonproductive in both cases, and roughly one-third of
the joints were nonproductive in the case of the mature
B cells of the wild-type, only a single nonproductive joint
was present in a total of 143 joints isolated from DNA of
mature B cells of the mutant (Figure 7B). This suggests
that both VH replacement and direct VH to JH joining
are rare events in the mutant animals, so that the devel-
oping B cells have only a single chance to acquire a pro-
ductive VH(DH)JH joint through either of these reactions.
In a second approach, we studied B cell generation
from a wild-type IgH allele and the D23stop allele in com-
petition, using allotypic markers for the identification of
Igm chains generated from the two alleles. Figure 7A
shows that, while animals carrying the D23stop allele to-
gether with an IgH null allele JHT (Gu et al., 1993) pro-
duce B cells and serum IgM exclusively expressing the
D23stop-derived a allotype (Figure 7A), B cells express-
ing this allotype are barely detectable in (C57BL/
6xD23stop)F1 mice, at the expense of cells expressing
C57BL/6-derived IgM of the b allotype. Still, a few B cells
expressing antibodies from the D23stop allele make it
into the plasma cell compartment, as some IgM of a allo-
type is detectable in the blood of the animals, albeit at
very low levels (Figure 7A). These experiments demon-
strate that, in the mouse, in the limits of this experimen-
tal system, VH replacement as well as direct VH to JH
joining competes inefficiently with canonical VDJ
recombination in B cell development.
Finally, we determined the frequency of pro-B cells
expressing cytoplasmic Igm chain as a result of a produc-
tive VH(DH)JH joint in wild-type and D23
stop homozygous
mice. The results of this experiment are displayed in
Figure 7C and demonstrate a dramatic reduction of the
frequency of Igm chain-expressing pro-B cells in the
mutant animals.Figure 6. Relative Contributions of VH Replacement and Direct VH to JH Joining
(A) IgH joints amplified from cDNA of D23stop/D23stop B cells using framework region 1 50 primers and Cm 30 primer.
(B) FACS analysis of CD19+ gated lymphocytes from 2.5-month-old DD/DD, BALB/c, (BALB/c 3 C57BL/6)F1, and DD/D23stop F1 mice. DD and
C57BL/6 IgH alleles are of the b allotype, and BALB/c and D23stop alleles are of the a allotype (n = 2 for each group).
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(A) The D23stop allele competes poorly with a WT IgH allele in either B cell generation or antibody production. FACS analysis of CD19+ gated
lymphocytes for expression of IgM of a and b allotypes. BALB/c and D23stop IgH alleles are of the a allotype, the C57BL/6 IgH allele is of the
b allotype, and the JHT allele is an IgH null allele since it lacks JH elements. The bar graphs below the FACS plots summarize the ELISA data;
gray bars represent IgMa serum levels, and black bars represent IgMb titers in mg/ml (groups of 2.5-month-old mice; n = 2).
(B) Analysis of IgH joints from bulk sorted or MACS-purified B cells from spleens of multiple D23stop/D23stop and WT mice as well as
CD19+B220+ckit+ sorted D23stop/D23stop and WT pro-B cells.
(C) Representative FACS analysis of intracellular staining for m heavy chain in CD19+c-kit+CD252 pro-B cells of 4-week-old D23stop/WT and
D23stop/D23stop mice (n = 2 for each group).We conclude that the D23stop allele acquires a produc-
tive VH(DH)JH rearrangement with a much lower effi-
ciency than a wild-type IgH allele.
Discussion
Instead of searching for footprints of VH replacement in
the IgH chain repertoire of mouse and human, we have
generated a mutant mouse strain in which the entire
IgH chain repertoire depends on the replacement of
a nonproductive VHDHJH joint inserted into its physio-
logical position in the IgH locus, with concomitant dele-
tion of the entire cluster of DH elements as in normal VDJ
recombination. In this way, we were in the position to
study the repertoire that VH replacement can generate
from a single nonproductive VHDHJH joint, to compare
it to the repertoire generated by canonical VDJ recombi-
nation and to assess the extent to which VH replacement
can compete with canonical VDJ recombination in B cell
development in vivo.
The mouse model described in this paper is limited in
that it focuses on the rescue by VH replacement of B cells
that have acquired a nonproductive VHDHJH joint. It does
not address the question of whether VH replacement op-
erates at a later stage of development, when immature B
cells ‘‘edit’’ their BCRs through V(D)J recombination,
a process thought to be mediated mainly by sequential
rearrangements in the IgL loci (Casellas et al., 2001; Nus-
senzweig, 1998; Radic and Zouali, 1996). To address this
issue, we have in parallel generated a mutant mousestrain carrying a productive VHDHJH joint in its physio-
logical position and are in the process of analyzing VH
replacement in this situation.
A main result of the present study is that a large com-
partment of peripheral B cells can be generated from
progenitors carrying the D23stop allele in both IgH loci,
and that these B cells express a highly diverse antibody
repertoire, whose IgH chain V regions are generated not
only by VH replacement, but also by a second unortho-
dox mode of VDJ recombination, namely direct VH to
JH joining (Koralov et al., 2005). All VHDHJH joints isolated
from the mutant animals could be explained by either
process, so that RAG-mediated recombination was
solely responsible for the generation of the antibody rep-
ertoire in these animals. There was evidence neither for
the usage of cryptic heptamers other then the conserved
30 heptamer within the D23stop sequence, as we and
others had observed in other contexts (Itoh et al., 2000;
Taki et al., 1995; Wilson et al., 2000), nor for gene conver-
sion events, as they occur in the generation of the anti-
body repertoire from single, nonproductive joints in the
chicken and have occasionally been reported in mam-
mals (Blankenstein et al., 1989; Maizels, 2005; Reynaud
et al., 1985, 1987). We conclude that, in mice, direct VH
to JH joining and VH replacement are the main processes
that can rescue B cell progenitors that have acquired
a nonproductive VHDHJH joint.
Classically, VH replacement generates a footprint con-
sisting of the sequences downstream of the internal
heptamers of the recipient and donor VH genes. These
Immunity
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mouse and human, which are strongly conserved be-
tween VH genes. The shortness of these sequences to-
gether with nucleotide chew-back and N nucleotide ad-
dition associated with V(D)J recombination has made it
difficult to identify with certainty the contribution of VH
replacement reactions to the normal IgH repertoire. In
the most detailed analysis of its kind, Zhang et al.
(2003) concluded that VH replacement is involved in
the generation of at least 5% of the human IgH reper-
toire, but that because of the problem of footprint recog-
nition, its contribution could be substantially higher. The
present results support the latter notion in that they un-
ravel a feature of the VH replacement reaction, which re-
sults in footprint elimination or at least minimization:
while all direct VH to JH joints carried N sequence inser-
tions at the recombination breakpoints, consistent with
a pro-B cell origin of these rearrangements (Desiderio
et al., 1984), 28% of the joints generated by VH replace-
ment were conspicuously devoid of any N nucleotide
addition. These same sequences were highly enriched
for joints that lacked any detectable VH replacement
‘‘footprints’’ (96% of the cases). In contrast, sequences
harboring such footprints also contained N sequences
in 97% of the cases. An explanation for these observa-
tions comes from previous findings that show a contri-
bution of short sequence homologies in DNA end joining
reactions (Roth and Wilson, 1986) and in particular dem-
onstrate a dominant role of microhomologies in deter-
mining the ultimate breakpoints of recombination at
DH-JH junctions during VHDHJH rearrangement.
In the latter case, this mechanism has evolved in order
to guide DH to JH joining into the preferred DH reading
frame (Gu et al., 1990). Homology-mediated DH to JH
joining becomes less prevalent in the mouse after birth,
when TdT begins to eliminate sequence homologies at
the joining ends by N nucleotide insertion and exonu-
cleolytic nibbling, but even in VHDHJH joints isolated
from mature B cells of adult mice, 10%–20% of the
DH-JH junctions lack N nucleotides, and half of these
are mediated by sequence homologies. This indicates
that sequence homologies at the coding ends in VHDHJH
recombination promote the joining reaction by initiating
recombination between the homologous sequences.
We therefore consider it likely that the counterselection
of N sequences in VH replacement joints lacking foot-
prints of the replacement reaction reflects the impact
of the extensive sequence homologies between the 30
ends of VH genes, which guide recombination to those
areas, thereby eliminating or minimizing footprints of
the reaction. This mechanism may not only contribute
to the preference of VH replacement over direct VH to
JH joining (where sequence homologies are not preva-
lent), but the results also imply that VH replacement pro-
motes the generation of VHDHJH joints lacking footprints
of the reaction when there is sequence homology be-
tween the 30 ends of the VH genes involved, even in the
presence of TdT activity. Our experimental system
does not allow us to determine whether the extent of ho-
mology at the joining ends determines the frequency of
homology-mediated replacement events, as it is quite
conceivable in the human. In the mouse, however,
most VH genes have a four or five base pair homology
to the 30 end of the Q52 VH gene in the D23
stop rearrange-ment, and this difference does not influence the fre-
quency of replacement reactions (data not shown). It is
possible that the molecular mechanism of this microho-
mology-driven end joining differs from the canonical
nonhomologous end joining (NHEJ) pathway, since the
molecular players involved in the two pathways seem
to differ. Brca12/2 MEFs exhibited a 50- to 100-fold re-
duction in microhomology-mediated joining and only
a mild reduction in NHEJ (Zhong et al., 2002), while in
the absence of Ku86, XRCC4 and ligase IV end joining
using microhomologies is still fully intact despite
a strong decline in canonical NHEJ (Bogue et al., 1997;
Kabotyanski et al., 1998; Verkaik et al., 2002).
New joints formed by VH replacement driven by short
sequence homologies between 30 ends of VH genes
would mostly lack diagnostic footprints of the reaction
in both mouse and human, implying that calculations
of the frequency of VH replacement events based on
footprint analysis likely underestimate the role of this
mechanism in IgH repertoire generation.
In the human, VH replacement frequently leads to the
expression of additional charged amino acids in the re-
sulting CDR3s because the nucleotide sequence down-
stream of the internal heptamer encodes such amino
acids in any of the three reading frames (Zhang et al.,
2003). Charged amino acids are often found in the
CDR3s of autoreactive antibodies and specifically argi-
nines in the CDR3s of anti-DNA antibodies (Radic et al.,
1993), so that the antibody repertoire generated by VH re-
placement in the human may be prone to autoreactivity.
This aspect of VH replacement is less prominent in the
mouse, where in most of the sequences that can serve
as a footprint of the recipient VH gene, an arginine codon
is present in only one of the reading frames. However, in
the case of the particular VHDHJH joint used in the pres-
ent system, which is in frame but carries a stop codon
in VH, rescue by VH gene replacement will add an addi-
tional arginine to the resulting CDR3, if a footprint of
the D23stop joint is retained. This allowed us to test
whether CDR3s with additional arginines, as generated
by VH replacement, provide a selective advantage or dis-
advantage to the B cells that express them in their anti-
bodies. The reduced frequency of CDR3s with two argi-
nines in productive joints isolated from mature B
compared to pro-B cells (12% versus 30%) clearly dem-
onstrated that, in general, such antibodies are counter-
selected in the B cell compartment, in line with recent ev-
idence for the counterselection of auto- and polyreactive
antibody specificities in the course of B cell maturation in
the human (Yurasov et al., 2005).
Three lines of evidence indicate that the generation of
productive VHDHJH joints by canonical V(D)J recombina-
tion is more efficient than their generation from a nonpro-
ductive joint by VH replacement and direct VH to JH join-
ing. Thus, VHDHJH joints isolated from mature B cells of
homozygous D23stop mice were almost always in frame,
indicating that their generation in B cell development is
a rare event such that it happens in only one of the two
IgH loci. However, an alternative interpretation of this
finding is that, in a situation in which B cell development
starts from two rearranged IgH loci rather than IgH loci in
germline configuration, only one IgH locus becomes
available for further rearrangements, which might then
proceed at high efficiency. We therefore determined
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type IgH allele in B cell development and found that it is
an exceedingly poor competitor. We also showed that
the fraction of homozygous D23stop pro-B cells that ex-
pressed intracellular Igm chains was drastically lower
than that in the wild-type. The replacement of the
D23stop allele by VH replacement and VH to JH joining is
thus clearly much less efficient than the generation of
productive VHDHJH joints in a wild-type IgH locus.
While these results suggest that VH replacement is
a rare event in B cell development in the mouse, such
a generalization has to be taken with caution given the
specific features and limitations of the present experi-
mental system. One reservation is that in the D23stop
mouse a single recipient VH gene mediates the genera-
tion of the antibody repertoire. Although the internal
heptamer is strongly conserved between different VH
genes, and a large number of VH genes have been shown
to participate in VH replacement reactions, not all VH
genes may serve as VH replacement recipients equally
efficiently. The choice of a nonproductive joint as a sub-
strate for VH replacement is another limitation of the
present experiments. Using this approach, only replace-
ment reactions at the pro-B cell stage can be analyzed.
This is experimentally born out by the massive insertion
of N nucleotides into the rescued productive VHDHJH
joints, their absence in some of the VH replacement
joints being explained by the promotion of joining in
areas of sequence homologies between the recombin-
ing DNA ends (see above). The present experiments
thus do not assess whether VH replacement can partic-
ipate in receptor editing at the immature B cell stage, an
issue that we will address in mutant mice carrying a pro-
ductive instead of a nonproductive D23 joint in the IgH
locus. An interesting problem in this context comes
from the observation that in the present model VH genes
from throughout the IgH locus are used for the replace-
ment reaction. If this were also the case when a produc-
tive VHDHJH joint is modified by VH replacement in imma-
ture B cells, this would have implications for the control
of IgH locus accessibility and allelic exclusion. Finally,
while we have used a gene targeting strategy that posi-
tions the prerearranged VHDHJH joint exactly into its
physiological position in the IgH locus, the D23stop
model has still the artificial feature of recruiting B cell
progenitors into their developmental pathway with their
IgH loci already rearranged. Considering the compli-
cated processes that make the immunoglobulin loci se-
quentially accessible for VDJ recombination over devel-
opmental time, it is possible that this feature of the
system interferes with the efficiency of VH replacement
in some unforeseen way.
We draw as the main conclusions from the present ex-
periments that VH replacement is accompanied by direct
VH to JH joining in replacing nonproductive VHDHJH
joints; that these two processes can generate a vast
IgH chain repertoire from a single nonproductive rear-
rangement; that CDR3s harboring additional positively
charged amino acids, frequently generated by VH re-
placement in the human, are counterselected in the pe-
ripheral B cell compartment; and that the impact of VH
replacement on the antibody repertoire may be greater
than anticipated because recombination in areas of se-
quence homology makes most VH replacements unde-tectable by sequence analysis, while potentially strongly
promoting the reaction.
Experimental Procedures
Gene Targeting
For complete description of gene targeting strategy, see Figure S1
and the gene targeting summary in the Supplemental Experimental
Procedures.
Preparative and Analytical FACS
Fluorescence staining was performed as described previously (For-
ster and Rajewsky, 1987). For intracellular m chain-specific staining,
the cells were fixed and permeabilized after surface staining accord-
ing to the manufacturer’s Fix and Perm protocol (Caltag Laborato-
ries) after surface staining.
Cell sorting was performed using a triple laser flow cytometer
(FACSVantage, Becton Dickinson). CD19 enrichment (MACS beads
of Miltinyi Biotech) was used to isolate B cells (87%–95% purity) or
to enrich for B cell populations for further flow-cytometric sorting of
pro-B cells from BM.
PCR and RT-PCR
DNA from sorted populations was prepared by incubating with pro-
teinase K for 3 hr in Tris buffer followed by inactivation at 90 for 10
min. IgH rearrangements were amplified using a cocktail of forward
primers described previously and either JH4E or JH2E 30 primers
(Ehlich et al., 1994). Typically, 32 cycles were performed (30 s at
94, 30 s at 57, and 30–60 s at 72). The expected size band of
w380 bp was purified from the gel and subcloned in the pGEM-T
easy vector (Promega). DNA from individual colonies was prepared
and sequenced using M13F primer.
RNA from sorted populations was prepared according to the Tri-
zol (Invitrogen) protocol. cDNA was prepared the same day using
oligo-dT priming. cDNA (3 ml) was used for further amplification of
the V(D)J joints. Typically, J558 and 7183 VH family primers (Ehlich
et al., 1994) were used in combination with nested constant region
primers, CmE or CmA (Sonoda et al., 1997); each round consisted
of 22 cycles (30 s at 94, 30 s at 54, 30 s at 72). Alternatively, a pro-
miscuous MsVHE primer (Sonoda et al., 1997) was used instead of
J558 and 7183 VH family primers. The expected size band was puri-
fied from the gel and subcloned and sequenced as described above.
Mice
Animal care and experiments were conducted according to proto-
cols approved by the Animal Care and Use Committee of Harvard
Medical School and the CBR Institute for Biomedical Research.
Sequence Analysis of IgH Rearrangements
Sequences were analyzed using NCBI IgBlast program. The full set
of sequences was submitted to GenBank (GenBank/EMBL/DDBJ
accession numbers DQ513523–DQ513831).
Supplemental Data
The Supplemental Data include Supplemental Experimental Proce-
dures, three supplemental figures, and one supplemental table
and can be found with this article online at http://www.immunity.
com/cgi/content/full/25/1/43/DC1/.
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